The JSNS, a spallation neutron source of J-PARC (JAERI-KEK Joint Project of the High Intensity Proton Accelerator) has 23 neutron beam lines. In the present study, a database was formulated for an optimum shielding design using the MCNP-X code. The calculations involved two steps. In the first step, the neutron distributions were created in the typical neutron beam line with a model that included the spallation neutron source target. The neutron currents evaluated flowed from the duct into the duct wall which was the boundary source for the bulk shield surrounding the beam line. In the second step, bulk-shield calculations were performed for the various shielding materials (iron, concrete, heavy concrete and so on) used and their composites up to thicknesses of 3 m. The results were compared with each other. Composite material shields of iron and such hydrogeneous materials as polyethylene or concrete were more effective. A typical design was prepared for a beam line within 25 m distance from a moderator, as a sample.
INTRODUCTION
The JSNS (1) is a spallation neutron source of the J-PARC (JAERI-KEK a joint project of the high intensity proton accelerator), which is driven by a pulsed proton beam at 1 MW power with an energy of 3 GeV and a beam current of 333 mA. It has 23 neutron beam lines with lengths varying from $10 to 100 m. The neutron beam line (NBL) shield is very critical. As neutron intensity is extremely high and shielding design criteria require radiation dose rates to be restricted to <1 mSv h
À1
, the overall length of the NBLs is very large. Therefore, the least weight a single NBL of shielding materials, such as iron, concrete, etc., is of the order of several hundred tons. Sometimes, neutrons and gamma rays from a neighbouring beam line may influence the data measured by neutron detectors as noise. Shields of an NBL, even though thick, may interfere with the neighbouring NBL shields because of the limited space of the JSNS experimental hall housing many NBLs. Moreover, it is necessary to optimise the NBL shields for effecting savings on the construction cost of the facility. In the present work, base data for the optimum shielding design were obtained employing a new method for the NBL shielding calculations (2) using the MCNP-X code (3) .
CALCULATION METHOD
The NBL shielding problem can be classified into two parts: radiation streaming (1) through the duct space of the NBL and (2) through the bulk shields around the NBL. Therefore, the present shielding calculation was also carried out in two steps.
First step calculation
The components on the inner side of the biological shield of JSNS, such as a target-moderator-reflectorassembly (TMRA) and the NBLs were modelled as shown in Figure 1 . The cross-sectional area of the straight NBL ducts was 100 mm Â 100 mm, and placement of ducts began at a distance of 1.5 m from the moderator. The NBL at the greatest distance from the moderator was selected for the calculation. There were many surface-crossing estimators of 100 mm Â 100 mm distributed in the duct, as shown in Figure 1 , and the neutron-current distribution calculated was, J(E, li), where E is the neutron energy and li is the distance of the ith surfacecrossing estimator from the moderator. Two DXTRAN spheres were used as counters for the expected importance values of neutrons reaching the spheres. They were used to obtain results with good statistical accuracy: one positioned at a distance of 1.7 m, close to the entrance of the duct; and another within the duct at 3.4 m. The position of the DXTRAN sphere within the duct was changed to 8.6 and 21.0 m, and the calculation was repeated to obtain the current distribution values up to a distance of 50 m from the moderator. The region of the shield around the NBL ducts extending in l > 1.5 m is called the 'collimator shield'. In the calculation, importance values for the collimator shield regions were set to zero. This meant that neutrons coming directly from the TMRA region to the ith estimator, J(E, li), were counted, and all neutrons scattered at least once in the collimator shield were not counted. This treatment was needed to clearly separate the direct component and the in-scatter component; otherwise, the in-scatter component is counted a second time in the source term and the second-step calculation. The direct component was treated as the basis for the second-step calculation, while scattering in the collimator shield was considered in the second-step calculation. The distribution for the straight duct is well fitted (2) by the equation
, where 65 is the normalisation factor. The spatial decreasing component of the neutrons, which is calculated by the surface-crossing estimators located in the NBL as shown in Figure 1 , becomes the neutron current into the NBL duct wall; here, this value is called 'wall loading', and the approximate relation finally obtained was dJ(l )/ dl ¼ 130(1/l ) 3 .
Second step calculation for bulk shield around neutron beam line
The calculated neutron current distribution for the NBL duct was tabulated in a file. Because the DXTRAN sphere was used in the first-step calculation, the neutron-current spectra >150 MeV could not be calculated. The spectra >150 MeV were, therefore, extrapolated assuming that the spectral shape in the beam duct was similar to that near the moderator, since the main components of the beam in the duct came from the moderator. A special subroutine, generating source neutrons according to J(E, li), which relation obtained in the first-step calculation, was programmed into the MCNP-X code.
For the present study, the densities of the materials used for bulk shield were: iron 7.2 g cm À3 ; that with heavy concrete (containing magnetite) a total 3.48 g cm À3 ; that with the multilayer of uniformly thick iron and concrete 2.2 g cm À3 ; and that with polyethylene 0. . Typical calculation models are shown in Figure 2 . Figure 2a shows a model of an iron shield of 2 m thickness outside the biological shield composed of iron, heavy concrete and a polyethylene layer. Figure 2b shows a model of iron with normal concrete; the thickness of the iron shield was designed so as to give a dose rate of fast neutrons >1 MeV to be $30 mSv h
À1
. Figure 2c is a model trying to reduce the shield thickness by partially using a concrete-colemanite mixture shield. The iron shield giving the fast-neutron dose rate of 10 mSv h À1 becomes thinner with the distance from the moderator. However, the concrete shield does not become as thin with distance, since 
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the spectrum of the neutrons entering the concrete becomes harder as the iron shield becomes thinner.
CALCULATED RESULTS

Iron and magnetite concrete
Figures 3 and 4 show typical results of the calculated dose-rate distributions in iron and heavy concrete. The radial distributions as a function of distance from the NBL axis, as shown in Figure 3 , have shapes very similar to each other. This means that the dose rates strongly depend on the source intensities at the duct wall. It is also found that heavy concrete is more effective in reducing the dose rates than iron. Figure 4 shows also the same trend of the dose rate in the NBL shield beyond Z ¼ 10 m from the centre. The dip at about Z ¼ 5 m was caused by heavy concrete, and those at Z ¼ 7 m for R ¼ 2 and 2.5 m were the effects of the 20 cm thick polyethylene material imbedded in the iron shield.
In the NBL shield, fast neutrons from the spallation neutron target play a very important role in the dose rate outside the shield. Iron is effective in reducing fast neutron fluxes. Figure 5 shows the energy-wise contributions to the neutron dose rates. In the case of the iron shield, fast neutrons show very small contributions, which are lower than those of heavy concrete. On the other hand, the contributions of neutrons at energies <1 MeV are very high. This case does not satisfy the design criteria of the dose rate, <1 mSv h À1 , within 2 m thick and 50 m long. These high contributions are said to be caused by the window effects at the valley of the total cross sections in the resonance energy region below $1 MeV for iron; the best known window is that at 24 keV. Heavy concrete effectively suppressed those contributions, as shown in Figure 5b , by the large capacity of hydrogen to slow down neutrons. Therefore, hydrogeneous materials are indispensable for NBL shields. On the other hand, heavy concrete continues to have a high contribution of fast neutrons compared with thick iron shields.
Multi-layered shield with constantly thick iron
Iron and hydrogeneous materials are effective for fast-neutron shields. It is out of interest that the performance of shields of these materials in their homogeneous-mixture or heterogeneous forms were compared. The former were of heavy concrete impregnated with magnetite and steel balls. The latter are considered to be of a composite type, combining material such as polyethylene with normal concrete or some special type of concrete with iron. In the present calculation, the following alternatives of shielding materials were considered:
A 20 cm polyethylene was interposed at 100, 120 and 150 cm. A 100 cm thick normal concrete was cast $1 cm thick iron. A 100 cm thick concrete containing colemanite ore of percentages (by weight) of 5, 10 and 20. Figure 6a and b show the radial distribution of the total dose rate at Z ¼ 10 and 20 m, respectively. Between the two alternatives of heavy concrete (i.e. magnetite concrete) and colemanite concrete, heavy concrete shows a much lower dose rate within the range of R ¼ 100 cm but a higher rate beyond R ¼ 120 cm than a composite shield of polyethylene or colemanite concrete. Figure 6b shows that a 2 m thickness of the heavy concrete is needed to reduce the dose rate to the design criteria, even at Z ¼ 20 m. In the case of the polyethylene shield, it was found that the location of the insertion is important. In the '150R' case, referred to as the alternative where polyethylene was inserted at R ¼ 150 cm, the neutron 
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fluxes were reduced at distances beyond R ¼ 150 cm and finally gave the lowest dose rate. The composite shield of iron and normal concrete has a similar, or better, shielding ability beyond R ¼ 150 cm compared with heavy concrete. Colemanite concrete is the most effective in reducing the shield thickness. At Z ¼ 10 m, 190 cm is needed with colemanite concrete, while with polyethylene it is '150R'. At Z ¼ 20 m, only 140 cm is needed in the case of a colemanite concrete shield, while $170 cm is needed in the case of polyethylene, and the shield with normal concrete around the iron.
Effect of the iron shield thickness in the case of composite shields
An iron shield is much more expensive compared with one of normal concrete, or even of colemanite concrete. In order to reduce the NBL shield construction cost, savings in using iron shield are considerable. In the present work, we tried to adopt the fast-neutron dose rate as the parameter in determining the iron shield thickness. This means that the iron shield thickness decreased with the distance from the centre, i.e. Z, as shown in Figure 3b . Figure 7 shows the results of the radial dose-rate distributions for various iron shield thicknesses; the case where the iron shield is referred to as 'Fe-Con1micro' is the thickest, and so the dose rate of fast neutron >10 MeV outside of the iron shield becomes 1 mSv h À1 , or smaller; 'Fe-Con 100micro' is the case of the thinnest shield. In the case of 'Fe-Con 100micro', the neutron moderation effect reduced the dose rate in the inner concrete region, but remaining fast neutrons showed a slow decaying curve in the outer concrete region. This trend resembles that of heavy concrete. The cases of 'FeCon 10micro' and 'Fe-Con 30micro' show different trends, but provide nearly the same shielding thickness required to satisfy the design criteria; 10% weightcontent colemanite concrete and iron shields of 'Fe-Con 10micro' effectively reduced the dose rate, and the shield thicknesses satisfying the criterion was 170 cm at Z ¼ 10.
Trial of shield optimisation
The special colemanite concrete is not cheaper than normal concrete. Its location in a certain position is desirable. In addition, the thickness of normal concrete shield, located at a more distant position than colemanite concrete shield, can be of nearly the same thickness as that of colemanite concrete, since the neutron fluxes reduce with the distance from the moderator. A trial calculation was made for the model of Figure 2c ; 10% weight-content colemanite concrete was cast around a shield of iron of thickness such as to give the fast-neutron dose rate of 10 mSv h
À1
, in the range between Z ¼ 7 and 25 m. Figure 8 shows the axial dose distributions for various shielding configurations. The values of the dose rate in the notation correspond to the iron shield thicknesses mentioned above. This figure shows that a shield of thickness of about a 150 cm satisfies the criteria, although rise in the dose rate for distances from 25 to 33 m exceeds the criteria. This problem can be easily solved by substituting normal concrete with the colemanite type. Figure 9 shows the shield thickness required to reduce the total dose rate to 1 mSv h
. Colemanite concrete gives smaller values than the iron-and-polyethylene composite shields.
In Figure 8 , it is also seen that a thinner iron shield with normal concrete such as the '100 mSv' and '30 mSv' cases show lower dose rates at R ¼ 1.5 m between Z ¼ 7 and 20 m. The same effect apparently can be expected in the case of colemanite concrete, although thinner iron shield leads to a residue of fast neutrons, and may increase the weight of colemanite concrete used. Therefore, there has to be an optimum combination from the viewpoint of reducing the dose rate to the desired level.
CONCLUDING REMARKS
NBL shielding design studies for a spallation neutron source, JSNS, were performed with a new method (2) using the MCNP-X code. The shielding properties of various shielding materials were investigated. Iron showed good performance against fast neutrons >1 MeV, but could not reduce the contribution of neutrons below that value. Hydreogenoeous shields such as concrete and polyethylene turned out to effectively reduce the dose contributed by such neutrons. Heterogeneously composite shields of iron and polyethylene or concrete seem to be more effective for reducing thickness of NBL shields of a strong neutron source, such as JSNS, than shields of heavy concrete, since the latter showed a higher decay of the dose rate nearer to the source; but this, however, caused slower decay of the dose rate further from the source. The value of the dose rate contributed by fast Figure 7 . Radial neutron dose-rate distributions for iron and concrete of varying thicknesses. Z ¼ 10 m. 'Fe-Con1micro' denotes the case of the iron shield giving 1 mSv h À1 for the fast-neutron dose rate at its outer boundary; the others have the same meaning. 'Fe-Con10microþB' denotes the case of the multi-layer of the iron shield giving 10 mSv h À1 and the colemanite concrete.
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neutrons >10 MeV is a useful measure to determine the thickness of the iron shield. Typical examples were tested, and applicability of this parameter was shown. Colemanite concrete is very effective in reduction of the shield thickness.
A further study to investigate the relation between the iron shield thickness and the overall shield thickness to satisfy the criteria is needed to attain the optimum NBL shield structure. . Shield thickness to satisfy the dose criterion of 1 mSv h À1 . '30Poly120R' denotes the shield configuration of iron and 30 cm thick polyethylene inserted from R ¼ 120 cm to R ¼ 150 cm, and '30Poly150R' is polyethylene from R ¼ 150 cm to R ¼ 180 cm. '10 mSvþB' denotes the combination of iron shield giving 10 mSv h À1 for the fastneutron dose rate at its outer boundary and colemanite concrete.
